We analyse the role of corneal asphericity in visual function after refractive surgery. For this, the standard ablation algorithm has been modified considering two corneal-asphericity terms. We have calculated the MTF (modulation transfer function) for different groups of average myopes taking spherical aberration into account and have verified that the MTF could be improved when asphericity is considered. These results may be useful in developing new algorithms for improving the retinal-image quality after refractive surgery.
Introduction
Refractive surgery is meant to reshape the cornea, altering the radius of the anterior corneal surface and thus making the subject emmetropic [1, 2] . This technique is steadily growing in use to correct myopia, and, given the high percentage of ametropes in the population, the possible improvements of this surgical technique are of utmost interest.
In terms of optics, the reshaping of the cornea involves different aspects that could optimize the visual function (or performance) of the subject undergoing surgery. One with paramount influence over the resulting visual function is corneal asphericity [3] [4] [5] [6] [7] [8] . Given that the anterior cornea is the surface that most determines the refractive power of the eye, corneal asphericity is decisive in the final retinal image quality of the subject, since eye aberrations (which diminish retinal image quality) depend on the shape of the anterior cornea, among other factors. In recent years, different experimental studies [9] [10] [11] have demonstrated the notable increase in aberrations after surgery, especially spherical, leaving the observer with lower retinal-image quality than would be desirable.
Although various authors have demonstrated the importance of considering asphericity in refractive surgery, unfortunately, in the calculation of the ablation depth used in practice to correct myopia, asphericity of the anterior cornea is not considered, as this surface is assumed to be spherical before and after refractive surgery. This is one of the reasons for the deterioration in the retinal-image quality mentioned above, which has recently led other authors to propose that modifications of the corneal-ablation algorithm are necessary [5, 8, 12] .
Most studies on visual optics [4] [5] [6] [7] [8] assume that the geometry which best adapts to the eye surfaces (anterior and posterior surfaces of the cornea and lens) is the model of a revolution conicoid surface given by the equation:
where R is the radius of curvature and Q is the asphericity parameter, which gives an idea of the degree to which the surface studied deviates from sphericity (Q ¼ 0); and x, y and z, are spatial coordinates originating at the surface pole, with z axis being the optical axis. This geometry for the eye surfaces matches eye geometry better than does the assumed sphericity and, in principle, appears to explain quite accurately the optical properties of the eye. The conicoid model is usual not only in eye models, but even most corneal topographers fit to this model from the experimental data gathered from the subjects. Despite the consideration of a geometry that better fits the eye surfaces than does the sphere, the model is not taken into account in the standard algorithm of refractive surgery, although some theoretical studies have demonstrated that taking into account the Q factor, post-surgical visual performance could be improved [5] . In any case, eq. (1) results from considering only the first term in the sum of the aspherical terms which describe in a standard way the aspherical surfaces with revolution symmetry [7, 13] , given by the following equation:
where c ¼ 1=R and S 2 ¼ xmodel for all the eye surfaces, except the anterior cornea, provide an accurate prediction of visual performance while being inadequate to describe the anterior surface of the cornea. These authors demonstrated that adding the term AS 4 in eq. (2) for schematic eye models, the anterior cornea is modelled with higher precision, since small variations of this term significantly influence the optical function (modulation transfer function). This result is fundamental since the anterior cornea is the surface that is reshaped during the surgery.
In this work, we seek to show that the visual function of the observer after refractive surgery could be optimized if we consider the additional terms of asphericity for the anterior cornea [the A coefficient in eq. (2)]. For this, we simulated refractive surgery for different groups of average myopes, modifying the ablation algorithm to include the asphericity parameters Q and A. This would allow the possibility of further optimizing refractive surgery by having two degrees of freedom to improve the visual function of the observer. For a physical function to evaluate, we took the modulationtransfer function considering the spherical aberration. This function is useful for evaluating the visual function of the observer since it takes into account the observer's sensitivity to different spatial frequencies.
Method

Determination of the depth ablation
The equation for determining the ablation depth considering asphericity (parameters Q and A) constitutes a generalization of the procedure used in the standard algorithm which assumes that before and after surgery the anterior surface of the cornea is spherical. For it, see fig. 1 , we consider that the pre-surgical eye parameters are R 1 , Q 1 , A 1 and post-surgical eye parameters R 2 , Q 2 , A 2 . In this case, assuming that the diameter of the ablation zone is d, and imposing the condition of continuity ð0; AEd=2Þ, we would arrive after computations at the equation for the depth ablation sðyÞ, with y being the height over the optical axis:
with f ðc; Q; A; yÞ ¼ cy
R 2 is the only fixed parameter, since it must be chosen to make the eye emmetropic, its value being calculated by relating the magnitude of this radius to the number of diopters to correct, according to the expression [1, 2] :
where D is the value of the correction power, Dn is the difference in refractive index at the air-cornea boundary (Dn ¼ 0.376) and R 1 is the radius of anterior cornea before refractive surgery. In contrary, Q 2 and A 2 are free, that is, initially, there are no restrictions on them and they could be chosen to optimize the visual performance of the observers. Note that in the case of no considerations concerning asphericity ðQ ¼ A ¼ 0Þ the ablation depth calculated with eq. (1) is the standard equation used in refractive surgery:
Emetropization of myopes
For simulating the surgical operation, we chose 3 different groups of myopes to be emmetropized according to eq. (3). The radii and corneal asphericities of the different groups of myopes (À2D, À4D, À8D) were selected as an average from the data provided by a topographic keratometer (2000-Eyesys model) of an ophthalmologic clinic specializing in refractive surgery. Table 1 lists the values, given that we have no information at all on the possible asphericity for term A of the subjects used for the average, initially we chose A 1 ¼ 0.0 in the three groups. The number of myopes per group ranged from 30 to 40. Because our intent was to study the influence of the surgical process in the MTF, all the other ocular parameters (radii and aspherificities of posterior corneal surface, lens surfaces, corneal and lens thickness, anterior chamber depth and refraction indexes of the different ocular media), except axial length, were assumed to be 84 Rosario Gonzá lez Anera et al., Corneal asphericity on visual function after refractive surgery Fig. 1 . Scheme corresponding to refractive surgery assuming corneal asphericity. ðR 1 ; Q 1 ; A 1 Þ and ðR 2 ; Q 2 ; A 2 Þ represent radius and asphericity parameters before and after surgery, respectively. Ablation-zone diameter given by d; ablation depth indicated by s.
identical in all groups of different myopia and taken from the emmetropic-eye model of Navarro et al. [14] . The axial length was calculated in each group of myopes so that they would present the exact value of the ametropia considered.
Parameters provided by this model appear to be adequate for the objective of our work, since we sought to study the on-axis optical performance (tested by computing the monochromatic modulation-transfer function MTF with spherical aberration), and it is not necessary to consider the extension of this model to wide angles [15] nor models that consider gradient index for the lens [16] .
In our calculations, we considered spherical aberration, as is habitual in different theoretic studies on visual function [5, 7, 8, 17, 18] . In addition, as indicated above, it has been demonstrated experimentally that this aberration increases notably after refractive surgery [5, 10, 11] . We should indicate that, although we have fixed most ocular parameters due to the fact that they are not involved in refractive surgery, they do contribute to spherical aberration, since, as we shall see, the rays pass through all the refractive surfaces of the eye.
Computation of the MTF
The monochromatic MTF (modulation transfer function) is the module of the OTF (optical transfer function) [19, 20] :
where f x ; f y are spatial frequencies; Pðx; hÞ is the generalized pupil function, l is the wavelength and d i the distance of the plane of the pupil to the image plane.
In the case of a system with circular symmetry, the OTF can be determined as [19, 20] :
PðR p x; R p hÞ
where w is the spatial frequency, R p is the radius of the pupil, M is a constant such as OTFð0Þ ¼ 1, and the generalized pupil function, Pðx; hÞ, is:
The function Pðx; hÞ contains two terms, representing the Stiles-Crawford apodizing effect and the effect of aberrations, respectively. Meanwhile, W 20 is the defocusing coefficient that accounts eventually for an additional shift of focus when numerical fittings used for determining the coefficients; while W 40 , W 60 are the resulting coefficients of the spherical-wave aberration (the third and fifth-order spherical aberration coefficients, respectively). We verified that the contribution of higher spherical aberration terms was negligible.
The wave-aberration function W may be related to the transverse spherical aberration (TA) by using:
where R W is the curvature radius of the reference sphere (which is usually defined as the distance from the exit pupil to the paraxial point image); ðx; hÞ are Cartesian coordinates in the exit pupil; n is the refractive index at the image space; W is the wave aberration function; dr and ds are the components of the ray aberration at the image plane. For a system with rotational symmetry, we can take x ¼ 0 and use eq. (9) . In this case, introducing 
we can write (9) as:
Having shown the necessary steps to calculate each monochromatic OTF, we now present the procedure used. Once each group has been emmetropized by using eq. (3), by ray-tracing (1000 rays in each case), we calculated the transversal spherical aberration corRosario Gonzá lez Anera et al., Corneal asphericity on visual function after refractive surgery 85 Table 1 . Parameters corresponding to the anterior surface of the cornea, calculated as an average of data from myopic subjects provided by a topographic keratometer. The rest of the ocular parameters (see text) were taken from the model of Navarro et al. (1985) [14] . The axial length for each group of myopes was calculated in each case so that they would present the exact value of the ametropia considered.
Ocular components
À2D
À4D À8D responding to each ray of height y over the optic axis. The object was located at infinity. With these 1000 data pairs, we adjusted the expression given in (11), fitting by the least-squares method in order to calculate the coefficients C 20 , C 40 and C 60 . (For more exhaustive information on this procedure, see Malacara and Malacara [13] .) With these 3 values, we have the information corresponding to the wave aberration on the generalized pupil function, which is used to calculate each monochromatic OTF. The programs developed to calculate the MTF were checked by reproducing the MTF correctly for different aberrations [19, 20] . The MTF were shown in cycles per degree (c/deg) [8] . Different articles show more information about the method [5, 7, 8, 17, 18] . In our numerical calculations for the post-surgery MTFs, given that we wished to study the influence of parameter A, we maintained parameter Q fixed both before and after surgery. As we chose A 1 ¼ 0.0, the operation was simulated by varying the coefficient A 2 to determine the effects of coefficient A. The radius of the ablation surface was 3.5 mm [8] . We considered the same value for the exit pupil. Fig. 2 shows the results for the À2D group. We detected an enormous variation in the MTF for a variation range of parameter A 2 from A 2 ¼ 0:001 to A 2 ¼ À0:001, with the MTF values ranging from a very high sensitivity (roughly 0.70) to almost null, respectively, for a frequency of 40 c/deg. These results agree with those of previous works [7] , which show that very low A values for the anterior cornea in a schematic eye can notably affect the MTF.
Results and discussion
For À4D the results proved similar ( fig. 3 ). We found that for a frequency of 25 c/deg, the MTF ranged from 0.45 for A 2 ¼ 0:001 to almost null for A 2 ¼ À0:001. The most pronounced fall of the MTF with respect to the À2D group (the null MTF values were reached for lower frequency values) was expected, since with increased myopia the post-surgical spherical aberration intensified [5, 11] , and therefore a sharp decrease in the MTF values was expected with respect to the groups with less myopia. For the case of À8D (fig. 4) , the trend was comparable, although the differences in the MTFs for the A values were less, since, as indicated above, the MTFs decrease more pronounced when the degree of myopia increases.
The critical point that arises here is whether, although the possible influence of A-coefficient of the 86 Rosario Gonzá lez Anera et al., Corneal asphericity on visual function after refractive surgery Fig. 2 . MTFs corresponding to the À2D group when the surgery is performed with ablation depth that considers the Q and A asphericity terms. The curves are drawn by varying the asphericity parameter A 2 . Fig. 3 . MTFs corresponding to the À4D group when the surgery is performed with ablation depth that considers the Q and A asphericity terms. The curves are drawn by varying the asphericity parameter A 2 . Fig. 4 . MTFs corresponding to the À8D group when the surgery is performed with ablation depth that considers the Q and A asphericity terms. The curves are drawn by varying the asphericity parameter A 2 .
anterior cornea on refractive surgery has been tested, the conicoid model (eq. (1)) could nevertheless be adequate to describe the anterior corneal surface in refractive surgery. The fact that we have confirmed that small A-variations can influence the MTF does not signify that the conicoid model is not reliable to describe the geometry of anterior cornea for refractive surgery, since a geometry with a contribution of the A-asphericity term could be roughly approximated by a conicoid surface with Q properly chosen. In other words, we now proceed to demonstrate that, given the aspherical geometry of the anterior corneal surface after surgery defined by the parameters R, Q and A, whether the conicoid model given by eq. (1), with parameters R and Q 0 (selected to provide a good approximation of the anterior cornea given by Q, A), gives rise to visual performance in refractive surgery identical to that of the model which considers the A-parameter. In this case, for refractive surgery it would be sufficient to describe the anterior cornea with the conicoid model. For this, we propose the following: given the curves for anterior cornea with the asphericity term A, for the different groups of myopes operated, we find the best fit to the conicoid curve, achieving this by minimum squares, and we compare their MTFs. If MTFs do not differ, then the conicoid curve would be accurate for the anterior cornea in refractive surgery, and vice versa.
In this effort, we generate, as an example, the curves given for the À2D group, with post-surgical asphericities A 2 ¼ À0:00005, A 2 ¼ 0:00005 with Q 2 ¼ À0:16 and we perform a fit by minimum squares of these curves to a curve given by the conicoid model, in which R is fixed, to maintain the power, and the parameter Q 0 2 is given by the one that gives the best fit by minimum squares. Fig. 5 shows the results, including the Q 0 2 parameter obtained for the best fit. We can detect differences in the MTFs between the curves with the Aparameters and their best fits showing that the influence of the A-coefficient is significant. The differences increase with the spatial frequency. We averaged the region of the MTFs in intervals of 0.01 from 15 c/deg to 45 c/deg, getting an average difference of 42.72% and 15.26%, for A 2 ¼ 0:00005 and A 2 ¼ À0:00005, respectively. This trend was also confirmed for the À4D and À8D group.
The magnitude of these differences proved similar to those reported in other works on applied visual aspects. For example, studies on the variations in the MTF due to: the bending factor of intraocular lenses [17, 18] , effects of mathematical approximations on corneal ablation profile [8] and effects of variations of Q-factor after surgery [5] . In addition, it should be taken into account that this study, like most theoretic and practical studies [5, 8-11, 17, 18] , considers the spherical aberration. It is expected that on including other aberrations the influence of the A-asphericity term could have a stronger effect on the contrast sensitivity of the observer.
Thus, we have demonstrated that the A-coefficient may have an important role in the visual function after refractive surgery. Although previous studies have shown the importance of the Q-parameter, we have extended the importance of asphericity in refractive surgery to a greater degree of asphericity, including the parameter A, allowing therefore two degrees of freedom (Q and A) in order to optimize the visual function.
Conclusion
This study has demonstrated that the contribution of high orders of asphericity in refractive surgery is significant. These results provide the possibility of optimizing the surgical technique by considering corneal asphericity. In agreement with the experimental results that show an increase in the aberrations, especially spherical, and a decline in retinal-image quality after surgery, it becomes important to develop new algorithms for ablation depth which will take into account corneal asphericity. Furthermore, the use of two asphericity parameters to optimize refractive surgery (Q and A) appears to enhance the possibility of minimizing post-surgical aberrations as well as improving retinal-image quality.
